Biotransformation of sesquiterpenoids isolated from several liverworts using various fungi and mammals is summarized. Microorganisms introduce an oxygen atom at an allylic position to give secondary hydroxyl and keto groups. The cyclopentane ring is also oxidized to afford monoketo, and mono-and diols. Double bonds are also either reduced or oxidized to give either saturated compounds or epoxides, followed by hydrolysis to afford diols. The methyl group is oxidized to give a primary alcohol. Some fungi cleave the cyclopropane ring to form a 1,1-dimethyl group. These reactions precede stereo-and regiospecifically. Cytochrome P-450 is responsible for the introduction of an oxygen function into the substrates. The present methods are cheap, one step reactions, non-hazardous, and very useful for the production of some bioactive compounds from a large number of terpenoids found in liverworts and higher plants.
Introduction
Liverworts produce a large number of enantiomeric mono-, sesqui-and diterpenoids in comparison to those found in higher plants. It is also noteworthy that some liverworts produce both normal compounds and their enantiomers. The more interesting phenomenon in the chemistry of liverworts is that different species in the same genus, for example, Frullania tamarisci subsp. tamarisci and F. dilatata, produce totally enantiomeric terpenoids. Various sesqui-and diterpenoids, bibenzyls and bisbibenzyls isolated from several liverworts show characteristic fragrant odors, intensely hot and bitter tastes, and with antimicrobial, antifungal, allergenic contact dermatitis, antitumor, insect antifeedant, superoxide anion release inhibitory, piscicidal, neurotrophic, muscle relaxing and antiobesity activity [1] [2] [3] [4] [5] [6] [7] . In order to obtain different kinds of biologically active products and to compare the metabolites of both normal and enantiomeric sesquiterpenoids, several sesquiterpenoids isolated from the liverworts, Bazzania pompeana, Conocephalum marine sources. Ent-10β-hydroxycyclocolorenone (1) and myli-4(15)-en-9-one (2) isolated from the liverwort Mylia taylorii, were incubated with A. niger IFO 4407 to give C-10 epimeric (3) [8] and 12-hydroxylated products (4), respectively (Scheme 1) [9] .
(+)-Ent-cyclocolorenone (5) , one of the major compounds isolated from the liverwort Plagiochila sciophila [1, 2] , was incubated with A. niger to afford three metabolites, 9α-hydroxy-ent-cyclocolorenone (6, 15.9%) 12-hydroxy-ent-cyclocolorenone (7, 8 .9%) and a unique cyclopropane cleaved metabolite, 6β-hydroxyent-4,11-guaiadien-3-one (8, 35 .9%) and 6β,7βdihydroxy-ent-4,11-guaiadien-3-one (9, trace), of which 8 was the major component. The enantiomer (10) of 5, isolated from Solidago altissima, was fed to the same organism to give 13-hydroxycycolorenone (11, 65.5%), the enantiomer of 7, 1β,13-dihydroxycyclocolorenone (12, 5.0%) and its C11-epimer (13) (Scheme 2) [10] . It is noteworthy that no cyclopropane cleaved compounds from 10 have been detected in the crude metabolites, even on GC/MS analysis.
Plagiochiline A (14), a 2,3-secoaromadendrane sesquiterpenoid having a 1,1-dimethyl cyclopropane ring, isolated from the liverwort Plagiochila fruticosa, has a potent hot taste, and insect antifeedant, cytotoxic and piscicidal activities [2] . Plagiochilide (15) is the major component of this liverwort. In order to obtain more pungent components, the lactone (15) was incubated with A. niger to give two metabolites, 12hydroxyplagiochilide (16) (32.5%) and plagiochilide-12-oic acid (17) (9.7%). When compound 15 was treated with A. niger and 1-aminobenzotriazole, an inhibitor of Cytochrome P450 (CYP450), only 16 was formed, since this enzyme plays an important role in the formation of a carboxylic acid (17) from the primary alcohol (16) (Scheme 3) [10, 11] ). Unfortunately, neither metabolite had a hot taste.
Maalianes:
The Ent-maaliane-type sesquiterpene alcohol, 1α-hydroxy-ent-maaliene (18) , isolated from the liverwort Mylia taylorii, was treated with A. niger to afford two primary alcohols (19, 20) (Scheme 4) [12] . Such an oxidation pattern of a 1,1-dimethyl group on a cyclopropane ring has been found in the aromadendrane series, as described above, and in the mammalian biotransformation of a monoterpene hydrocarbon, ∆ 3 -carene [13, 14] . with 2-hydroxy-(22) and 2-oxo-α-eudesmol (23) . β-Eudesmol (25) was treated with A. niger to afford 2α-(26) and 2β-hydroxy-β-eudesmol (27) , 2α,12dihydroxy-β-eudesmol (28) and 2-oxo-β-eudesmol (29) , which was further isomerized to compound 23, followed by further oxidation to afford the same diol (24) found as a metabolite of α-eudesmol [15, 17] .
α-Cyclocostunolide (31), β-cyclocostunolide (32) and γ-cyclocostunolide (33), prepared from costunolide (30) , which was isolated from the liverwort, Conocephalum japonica and the roots of the higher plant Saussurea lappa, were cultured with A. niger. From the metabolites of 31, four C 11 -C 13 dihydro γ-lactones (34-37) were obtained, among which sulfur containing compound 37 was predominant (Scheme 6) [18, 19] . Scheme 6. The same substrate (31) was cultured for 3 days with A. cellulosae to afford a sole metabolite, 11β,13-dihydroα-cyclocostunolide (38) (Scheme 6). Possible metabolic pathways of 31 by both microorganisms are shown in Scheme 7. A double bond at C 11 -C 13 of 31 was first reduced stereoselectively to afford 38, followed by oxidation at C-2 to give 34, and then further oxidation Scheme 7. occurred to furnish two hydroxyl derivatives (35, 36) with A. niger. The sulfur-containing compound (37) might be formed from 36 or by Michel condensation of ethyl 2-hydroxy-3-mercaptopropanate, which might originate from Czapek-pepton medium into the exomethylene group of α-cyclocostunolide (31) [18, 19] .
A. niger converted β-cyclocostunolide (32) to six C 2 -oxygenated metabolites ( It is noteworthy that both αand β-cyclocostunolides were biotransformed by A. niger to give the sulfur-Scheme 9.
Scheme 10.
containing metabolites (37, 42) . The possible biogenetic pathway of 32 is shown in Scheme 10.
Scheme 11.
Aspergillus niger converted γ-cyclocostunolide (33) to dihydro-α-santonin (48, 25%); its related C 11 -C 13 dihydro derivatives (45-47, 49, 50) were obtained in small amounts. Compound 47 was re-cultured for 2 days with the same organism as mentioned above to afford 48 (25%) and 5β-hydroxy-dihydro-αcyclocostunolide (50, 54%) (Scheme 11).
Culture of 33 for 2 days with A. niger afforded compound 48 as a sole metabolite. During the biotransformation of 33, no sulfur-containing product was obtained. Both A. cellulosae and B. dothidea produced only dihydro-γ-cyclocostunolide (45) from the substrate (33) (Scheme 11) [18, 19] .
(-)-Frullanolide (51), obtained from the European liverwort, Frullania tamarisci subsp. tamarisci, causes a potent allergenic contact dermatitis [2] . In order to produce a more potent allergen, 51 was incubated with A. niger to afford dihydrofrullanolide (52), nonallergenic compound, in 31.8% yield [20] . Scheme 12.
Germacranes:
Costunolide (30), a very unstable sesquiterpene γ-lactone from the liverwort Conocephalum japonicum and the roots of the higher plant, Saussurea lappa, as mentioned above, was treated with A. niger to produce three dihydrocostunolides (53-55) [21] . Costunolide is easily converted into eudesmanolides (31) (32) (33) 56) in dilute acid, thus 53-55 might be biotransformed after being cyclized in the medium including the microorganisms. If the crude drug containing costunolide (30) is orally administered, 30 will be easily converted into 31-33 and 56 by stomach juice (Scheme 13). (+)-reynosin (59) (-)-Polygodial (73), possessing piscicidal, antimicrobial and mosquito repellant activity, is the major pungent sesquiterpene dial isolated from the higher plant Polygonum hydropiper and the liverwort, Porella vernicosa complex [2] . Polygodial was incubated with A. niger, but, because of its antimicrobial activity, no metabolite was obtained [25] . Polygodiol (74) prepared from polygodial (73) was also treated in the same manner described above to afford 3β-hydroxypolygodiol (75), which was isolated from Marasmius oreades as an antimicrobial compound [25] , and 6α-hydroxypolygodiol (76) in 66-70% and 5-10% yields, respectively (Scheme 18) [24] .
The same metabolite (75) was also obtained from polygodiol (74) as a sole metabolite from the culture broth of A. niger in Czapek-pepton medium for 3 days in 70.5% yield (Scheme 18) [25] , while the C 9 epimeric product (78) from isopolygodial (77), when incubated with Mucor plumbeus afforded 3β-hydroxy-(79, 7%) and 6α-hydroxy derivatives (80, 13%) in low yields (Scheme 18) [24] . Drim-9α-hydroxy-11,12-diacetoxy-7-ene (81) derived from polygodiol (74) was treated in the same manner as described above to yield its 3β-hydroxy derivative (82, 47.2%) (Scheme 19) [25] .
Scheme 19．
In order to compare the metabolites of polygodial (73) and its related pungent sesquiterpene dialdehyde, cinnamodial (83) from the Malagasy medicinal plant, Cinnamosma fragrans, the latter was also treated in the same medium with A. niger to give three metabolites (84 2.2%, 85, 0.05%, and 86, 0.20%), respectively in very low yields (Scheme 20).
Cinnamodial (83)
A. niger Compounds 85 and 86 are naturally occurring cinnamosmolides, possessing cytotoxic and antimicrobial activity. In this case, the introduction of a 3β-hydroxy group was not observed [27] . The direct stereoselective introduction of a 3β-hydroxyl group into 4,4-dimethyl cyclohexane is very noteworthy since there are many natural sesquiterpenoids possessing these structures. cyclopentanols or hydroxycyclopentanones. An aryl methyl group was also oxidized to give a primary alcohol, which was further oxidized to afford carboxylic acids (94-96) (Scheme 21) [28] . Scheme 21.
Scheme 22.
From (+)-cuparene (89), six metabolites (98-103) were obtained. These are structurally very similar to those found in the metabolites of (-)-cuparene, except for the presence of an acetonide (101), but they are not identical. All the metabolites possess a benzoic acid moiety (Scheme 22).
The possible biogenetic pathways of (+)-cuparene (89) have been proposed in Scheme 23. Unfortunately, none of the metabolites shows a strong mossy odor [28] . The presence of an acetonide (105) in the metabolites has also been seen in those of dehydronootkatone (104) after culture with A. niger (Scheme 24) [29] . Scheme 23. Scheme 24.
Herbertanes:
The liverworts Herbertus adancus, H. sakuraii and Mastigophora diclados produce (-)-herbertene, the C-3 methyl isomer of cuparene, with its hydroxy derivatives, for example, herbertanediol (106), which shows NO production inhibitory activity [30] and α-herbertenol (109) [2] . Scheme 25. Treatment of compound 106 in the fungus Penicillium sclerotiorum in Czapek polypepton medium gave two dimeric products, mastigophorene A (107) and mastigophorene B (108), which showed neurotrophic activity (Scheme 25) [31] . Both dimeric compounds have already been isolated from M. diclados [2] . Scheme 26. When (-)-α-herbertenol (109) was incubated with A. niger for 1 week, no metabolic product was obtained, however, five oxygenated metabolites (111-115) were obtained from its methyl ether (110) (Scheme 26). Scheme 27. The possible metabolic pathway is shown in Scheme 27. Except for the presence of the ether (115), the metabolites from 110 resemble those found in (-)-cuparene (87) and (+)-cuparene (89) [28] .
Gorgonanes:
Maalioxide (116), obtained from the liverwort, Plagiochila sciophila, was inoculated with A. niger and cultured for 2 days. (-)-Maalioxide (116) was added to the medium and cultivated for a further 2 days to afford three metabolites, 1β-hydroxy-(117), 1β,9βdihydroxy-(118) and 1β,12-dihydroxymaalioxides (119), of which 118 was predominant (53.6%) (Scheme 28) [32] . Scheme 28. When the same substrate was cultured with A. cellulosae in the same medium for 9 days, 7βhydroxymaalioxide (120) was obtained as a sole product in 30% yield (Scheme 28) [32] . The same substrate (116) was also incubated with the fungus Mucor plumbeus to obtain a new metabolite, 9βhydroxymaalioxide (121), together with two known hydroxylated products (117, 120) (Scheme 28) [33] . Maalioxide (116) was oxidized by m-chloroperbenzoic acid to give a very small amount of 120 (1.2%), together with 2α-hydroxyl-(122, 2%) and 8αhydroxymaalioxide (123, 1.5%), which were not obtained in the metabolites of 116 when incubated with A. niger and A. cellulosae (Scheme 28) [34] . Scheme 29.
Humulanes:
Plagiochila sciophila is one of the most important liverworts, since it produces bicyclohumulenone (124), which possesses a strong mossy note and which is expected to be utilized in perfumes. In order to obtain a stronger scent, 124 was treated with A. niger for 4 days to give 4α,10βdihydroxybicyclohumulenenone (125, 27.4%) and bicyclohumurenone-12-oic acid (126) (Scheme 29) [11] . An epoxide (127), prepared with mchloroperbenzoic acid, was further treated by the same fungus, as described above, to give the 10β-hydroxy derivative (128, 23.4%) (Scheme 29). Unfortunately, these metabolites show only faint mossy odors [11] .
Cyclomyltaylanes:
The liverwort Reboulia hemisphaerica biosynthesizes cyclomyltaylanoids like 129 and 1β-hydroxy-ent-β-chamigrene (134). Biotransformation of cyclomyltaylan-5-ol (129) by A. niger gave four metabolites, 9β-hydroxy-(130, 27.0%), 9β,15-dihydroxy-(131, 1.7%), 10β-hydroxy-(132, 10.3%), and 9β,15-dihydroxy derivatives (133, 12.6%) (Scheme 30). In this case, stereospecificity of the alcohol was observed, but regiospecificity of the alcohol moiety was not seen in this substrate [35, 36] . Scheme 30.
Chamigranes:
The biotransformation of spirostructural terpenoids was not carried out. 1β-Hydroxy-ent-β-chamigrene (134) was inoculated in the same manner as described above to give three new metabolites (135-137) of which 137 was the major product (46.2%) (Scheme 31). Hydroxylation of a vinyl methyl group has been known to be very common in the case of microbial and mammalian biotransformation [35, 36] . Scheme 31.
Barbatanes (= Gymnomitranes): β-Barbatene
(=gymnomitrene) (138), which is one of the ubiquitous sesquiterpene hydrocarbons from liverworts, like Plagiochila sciophila and many others Jungermanniales liverworts, was treated in the same manner using A. niger for 1 day yielding a triol, 4β,5β,9β-trihydoxy-βbarbatene (139, 8%) (Scheme 32) [11] . Scheme 32.
Pinguisanes:
Pinguisane sesquiterpenoids have been isolated from liverworts belonging to the Jungermanniales, Metzgeriales and Marchantiales. In particular, the Lejeuneaceae and Porellaceae in the Jungermanniales are rich sources of these rare sesquiterpenoids. One of the major furanopinguisanes, furanopinguisenol (140), isolated from the liverwort, Trocholejeunea sandvicensis, was biodegradated by A. niger to afford the primary alcohol 142, which might be formed as shown in Scheme 33 [37] . Scheme 33.
Caryophyllanes:
(-)-β-Caryophyllene (143), one of the ubiquitous sesquiterpene hydrocarbons having a 1,1-dimethylcyclobutane skeleton, found not only in higher plants, but also in many liverworts, was biotransformed by Pseudomonas cruciviae, Diplodia gossypina and Chaetomium cochlioides [38] . P. cruciviae gave a ketoalcohol (144) [39] , while the last two species produced 14-hydroxy-5,6-epoxide (146), its carboxylic acid (147), 3α,14-dihydroxycaryophyllene (148) and norcaryophyllene alcohol (149), all of which might be formed from caryophyllene C 5 -C 6 epoxide (145) (Scheme 34). The oxidation pattern of (-)-β-caryophyllene by fungi is very similar to that by mammals (see later). Scheme 37.
(-)-β-Caryophyllene (143) was treated as described above to afford the crude metabolite mixture from which 14-hydroxy-βcaryophyllene-5,6-oxide (146) (80%) and a diol (181) were obtained [43] . Later, compound 146 was isolated from the Polish mushroom, Lactarius camphorates (Basidiomycetes) as a natural product [43] . In order to confirm that caryophyllene epoxide (145) is the intermediate of both metabolites, it was treated in the same manner as described above to give the same metabolites (146 and 181) , of which 146 was predominant (Scheme 38) [43, 44] .
Aromadendranes:
(+)-Ent-cyclocolorenone (5) and its enantiomer (10) were biotransformed by Aspergillus species to give cyclopropane-cleaved metabolites, as described above. In order to compare the metabolites of mammalian and microorganism biotransformation, the essential oil obtained from Solidago altissima, containing (-)-cyclocolorenone (10), was administered to rabbits to obtain two metabolites, 9β-hydroxycyclocolorenone (182) and 10hydroxycyclocolorenone (183) (Scheme 39) [45] . 10-Hydroxyaromadendrane-type compounds are well known natural products. No oxygenated compound of the cyclopropane ring was found in the metabolites of cyclocolorenone from rabbits. 
Barbatanes (=Gymnomitranes)
When β-barbatene (138) was administered orally to rabbit, it was converted to 3,15-dihydroxy-β-barbatane (184) as a sole metabolite (Scheme 40) [46] , while a triol, 4β,5β,9βtrihydroxy-β-barbatene (139) was obtained from the metabolites of the same substrate after incubation with A. niger, as mentioned above [11] . Scheme 40.
Longipinanes:
The liverwort, Marsupella aquatica is a rich source of longipinane sesquiterpenoids, such as marsupellone (185). Administration of 185 to rabbits orally gave five monohydroxy-, one dihydroxy-and one trihydroxy marsupellone (186-192) (Scheme 41) [46] . The four substrates (10, 138, 143, 185 ) mentioned above were not toxic to the rabbits when 1 g of each was used for each rabbit.
In conclusion, a number of sesquiterpenoids isolated from liverworts were biotransformed by various fungi and mammals to afford many metabolites, some of which showed cytotoxic activity. Microorganisms introduce an oxygen atom at an allylic position to give secondary hydroxyl and keto groups. Double bonds are either reduced or oxygenated to give saturated compounds or epoxides, followed by hydrolysis to afford diols. These reactions proceed both stereo-and regio-specifically. Some fungi and rabbits oxidized a Scheme 41. methyl group to give a primary alcohol. Aspergillus niger cleaves a cyclopropane ring with a 1,1-dimethyl group to furnish guaiane sesquiterpenoids. It is noteworthy that A. niger and A. cellulosae produce totally different metabolites from the same substrates. Some fungi cause reduction of a carbonyl group, oxidation of an aryl methyl group, phenyl coupling, and cyclization of ten-membered ring sesquiterpenoids to give C6/C6-cyclized compounds. CYP450 is responsible for the introduction of the oxygen function into the substrates. Scheme 42. The present methods are very useful for the production of functionalized components like fragrant and cytotoxic compounds from either commercially available, cheap, natural and unnatural terpenoids or large amounts of terpenoids from liverworts, fungi and higher plants.
Recently we succeeded in the highly efficient industrial production of nootkatone (193), the most important aroma of grapefruit, from valencene (194), which is the major sesquiterpene hydrocarbon of Valencia orange by biotransformation using either the microalga, Chlorella fusca and related species or the fungus Mucor sp. (Scheme 42) [47, 48] .
The present methodology is very simple and environmentally friendly with just a one step reaction in water, which is non hazardous, very cheap and gives many valuable metabolites possessing different properties from those of the substrates.
